Resource allocation, as an important issue in management science, has drawn a lot of attention from both relative researchers and corporate managers. In recent years, data envelopment analysis (DEA) has been popularly applied in this field. In this paper, we propose some new DEA models, which consider both economic and environmental factors in the allocation of a given resource. Three scenarios of the given resource in the next period will be considered: one is larger than that in the present period, another is smaller than that in this period and the third is equal to that in this period. Two objective functions are formulated for the three scenarios, i.e., maximizing the total desirable outputs and minimizing the total undesirable outputs. The approach retains the advantages of traditional DEA, unit-invariant property, objectively-determined weights of inputs and outputs, and perfect dealing with multi-inputs and multi-outputs. An example is also employed to illustrate the approach.
Introduction
Resource allocation is an important issue in the management of corporations. It refers to the process of allocating limited resources to different parts of an organization in order to satisfy the overall goals. In real life, the resource is always limited, so how to allocate it plays a pivotal role in determining a corporation's growth. Because of this, resource allocation has been an interesting topic to both business managers and researchers. Recently, the use of data envelopment analysis (DEA) has brought a new perspective to its study.
DEA is a nonparametric approach to the efficiency evaluation of decision making units (DMUs). A main advantage of DEA is that it does not require any prior assumptions on the underlying functional relationships between inputs and outputs. It is a data-driven frontier analysis technique that floats a piecewise linear surface to rest on top of the empirical observations [1] . So it can provide some suggestions for corporation's decision makers (DMs) to draw up a plan considering both their resources (i.e., inputs) and expected outputs based on the empirical piecewise linear function.
The research about resource allocation by DEA may be classified into two categories. One category assumes the efficiency of DMUs is constant [2] [3] [4] [5] while the other assumes the efficiency of DMUs is changeable [3, [6] [7] [8] . It should be noted that the categories are both mentioned in [3] . In this paper, we consider the latter situation where the efficiency of DMUs can be changed after the allocation.
So far, there have been many previous studies about resource allocation via DEA. Hadi-Vencheh et al. proposed an inverse DEA model for resource allocation to estimate increased requirements of the input vector when the output vector is increasing [5] . Karabati et al. considered a class of discrete resource-allocation problems with a min-max-sum objective function [9] . Basso and Peccati proposed a dynamic programming algorithm to achieve optimal resource allocation with both minimum and maximum activation levels and fixed costs [10] . Amireimoori and Tabar developed a DEA-based approach for allocating fixed resources while output targets can be decided at the same time where the total outputs are determined beforehand [11] . Beasley established a resource allocation model aiming to maximize the total efficiency of all DMUs [6] . Golany et al. proposed a target-setting model for allocating resources which considered the objectives of the whole organization [12] . Furthermore, Korhonen and Syrjänen [3] , and Hadi-Vencheh et al. [5] built some models for allocating resources based on efficiency analysis, too.
However, few researchers have provided methods which consider both economic and environmental factors in allocating resources even though environmental factors are very important. Economic factors usually refer to the desirable outputs generated in the production process, such as profit. Environmental factors usually refer to the undesirable outputs, such as smoke pollution and waste. Motivated by public and governmental environmental policies, these undesirable factors have received more and more attention and should be considered in resource allocation. Although there has been a relative approach proposed by Lozano et al. [7] , it only considered them from a centralized viewpoint and should definitely be extended.
Research on undesirable outputs has also been popularly pursued by DEA. It was first proposed by Färe et al. [13] and has been largely extended recently. The literature in this area may be classified into two categories; one is on direct approaches and the other on indirect approaches. The direct approach is based on the work of Färe et al. [13] , which replaced the strong disposability of outputs by the assumption that outputs are weakly disposable, and has then been largely extended (see [14] [15] [16] [17] [18] [19] [20] ). Indirect approaches may be further classified into two groups. The first deals with the undesirable outputs as inputs for processing [21, 22] . This approach needs only the information of whether the data have to be minimized or maximized, but it cannot reflect the real production process [23, 24] ; the second is to transform data for undesirable outputs and then use the traditional efficiency model for their evaluation [23] [24] [25] [26] . In this study, the direct approach is applied to deal with the undesirable outputs.
As an extension of the previous studies, this research needs to consider both the desirable and undesirable outputs in resource allocation. Meanwhile, different from the work of Lozano et al. [7] , this study considers allocating the given resource in the next period. The given resource may be more than, equal to or less than that in the present period. The three scenarios refer to three different groups of constraints in their corresponding models. In each scenario, two alternatives are proposed for resource allocation in order to maximize desirable outputs and minimize undesirable outputs simultaneously. Both alternatives involve two phases. In the first alternative, maximizing desirable outputs is a priority. This alternative may be suitable for some situations, such as high-technology corporations with little emission. In the second alternative, minimizing undesirable outputs is a prior consideration. Many corporations may accept this alternative, such as paper mills with high emissions.
The rest of this paper is organized as follows. The proposed approach is described in the next section. An empirical example of the Huai River in China is applied to illustrate the approach in Section 3. Conclusions are presented in Section 4.
Resource allocation

Environmental DEA technology
We consider a production process where desirable outputs and undesirable outputs are jointly produced. It is assumed
. . , y n ) denote the vectors of inputs, undesirable outputs and desirable outputs respectively. The production technology can be described as
Outputs are called strongly disposable if (x, y) ∈ T implies that (x, y ′ ) ∈ T for every y ′ ≤ y and weakly disposable if (x, y) ∈ T implies that (x, µy) ∈ T for every 0 ≤ µ < 1. In order to reasonably model a production technology that produces both desirable and undesirable outputs, we adopt the assumptions proposed by Färe et al. on T [13] . Under these assumptions, outputs are weakly disposable while only the sub-vector of desirable outputs is strongly disposable. For generalization, we discriminate the inputs into two parts: one are discretionary inputs X , like material; and the other are non-discretionary inputs D, like machines and houses. The variable returns to scale the technology set under weakly disposable is given by
The proposed approach
It is supposed that we have n observations on n DMUs with input, undesirable output and desirable output vectors
T . We like to produce desirable outputs as many as possible and undesirable outputs as few as possible after allocating the given resource. The two objective functions are shown as follows.
(1) Maximizing the desirable outputs: Maximize
, where r is the index for desirable outputs.
(2) Minimizing the undesirable outputs: Minimize
, where t is the index for undesirable outputs.
Using the proportion of new DMUs' outputs (or inputs) to old DMUs' outputs (or inputs) as an index can eliminate the dimension. After that, we can summarize them directly and average them as the goal of resource allocation for the corporation.
Given the production possibility set as (2) and the two objectives, it is now possible to find a solution given some general constraints.
If the new resource in the next period is larger than that in this period, the target outputs shall not decrease for any of the desirable outputs.
If the new resource in the next period is smaller than that in this period, the target outputs shall not increase for any of the undesirable outputs.
If the new resource in the next period is equal to that in this period, the target outputs shall not decrease for any of the desirable outputs, and at the same time, the target outputs shall not decrease for any of the desirable outputs, that is, it satisfies the two conditions (3) and (4) simultaneously. Obviously, the two constraints are reasonable in real life. If we input more resources in the next period, more desirable outputs than those in this period are expected. If we input fewer resources, fewer undesirable outputs are expected than those in this period. If we input the same resource as that in this period, both expectations can be considered.
Furthermore, we assume the production possible set (PPS) does not change when we allocate the new resource G = (g 1 , g 2 , . . . , g n ) in the next period.
When the new given resource is larger than that in this period. The two alternatives for allocating the resource are shown as follows. Alternative 1 contains two phases.
Phase 1:
This model is aimed to maximize the desirable outputs subject so no DMU loses output. Let y ′ * rj be the optimal value of the targets of DMU j in indicated r. The current situation is a solution of the model (5), so it has an objective function value equal to unity. Therefore, the optimal objective function value will be greater than (or at least equal to) unity. Based on the y ′ * rj gained from model (5), we can further get the model in Phase 2. It is shown as
This alternative pursues more desirable outputs firstly. It may be suitable for some situations, such as some new and high-technology corporations with little emission. For these situations, they produce little pollution in the production process. They need not pay too much attention to the environment. The main aim for them is to produce more desirable outputs.
Analogously, alternative 2 also contains two phases. Phase 1:
Compared with model (5), this model aims to minimize the undesirable outputs subject to that no DMU decreases its desirable outputs. Let u ′ * tj be the optimal value of the targets of DMU j in indicated r. The current situation is feasible in (7), so it has an objective function value equal to unity. Therefore, the optimal objective function value will be smaller than (or at most equal to) unity. Based on the u ′ * tj gained from the model (7), we can further have the model in Phase 2. It is shown as Phase 2:
In this alternative, minimizing undesirable outputs is prior. Many corporations may prefer or be asked to accept this alternative, such as paper mills with high emissions, especially when environmental problems have become an obstacle to sustainable social development all over the world. Now, many countries have actively taken measures to solve environmental problems, such as global warming and water pollution. Therefore, the second alternative is also valuable in real life.
Analogous to the situation where the resource in the next period is smaller than that in this period, the relative models can be built easily to allocate the resource, i.e., we just need to use u
If the resource in the next period is equal to that in this period, the relative models' constraints should contain both u
More discussions
Obviously, the proposed approach is flexible because a different relative weight δ r (or σ t ) can be given to different desirable production outputs r (or undesirable outputs t) to maximize (or minimize) them. It is only needed to substitute the objective functions in the model (4) by maximizing 
An example
In this section, in order to illustrate our proposed approach, a real data set of 32 paper mills along the Huai River in Anhui Province, China, is used. Each paper mill employs labor and capital to produce paper products while emitting biochemical oxygen demand (BOD). Labor refers to the human resource of a paper mill. Capital refers to the capital that has been used in the current period. Producing paper is their purpose and it reflects the productive ability of the corporation. BOD accompanies by paper in the production and it can contaminate the environment. It is obvious that the indicator of the 'paper products' is a desirable output and 'BOD' is an undesirable output. The data is collected from the Anhui Environmental Protection Bureau, the Fuyang Environmental Protection Bureau, and the Huainan Environmental Protection Bureau. The detailed data is shown in Table 1 .
Each DMU has two inputs and two outputs, which are presented in Table 1 . The BOD-Quota in the sixth column of Table 1 is the upper limit for the undesirable output 'BOD'. Productive inputs are classified in terms of two outputs, labor and capital. Productive outputs are classified in terms of two outputs, yield of paper and BOD. For ease of illustration, we assume the time at which raw data is applicable is called 'this period'.
Because the labor for any DMU, i.e., each institution along the Huai River, is relatively fixed, we assume that labor in the next production period is the same with that in this period for each DMU. Compared with the input of 'labor', the total capital is changeable. We assume it is 15 000 in the next period. As 15 000 is larger than the total capital in this period. Then we should allocate resources under the constraints of y ′ 1k ≥ y 1k , and also because there is the upper limit to 'BOD' for each DMU, so it must satisfy the constraints of u 
and 
Through the above models, we can obtain the solution for allocating resources as in Table 2 . The given resource of 'capital' is fully allocated among the 32 DMUs. The total desirable output 'paper' is little more than twice that in this period. Two factors may cause this. First, more input is used. Second, the DMUs in the system are expected to be more efficient in the production possible set and more desirable outputs are pursued by the models. Meanwhile, we also find the undesirable output 'BOD' is a little more than that in this period.
The other alternative, called alternative 2, first minimizes the undesirable output and then maximizes the desirable output. For this special situation, we build the models as follows.
and
The notations for variables are the same as those in models (9) and (10) . Through these two models, we can find the solution for allocating resources as in Table 3 .
The 'BOD' in Table 3 is 111.2030. It is much smaller than that in the raw data even though more inputs are incurred in the whole system. However, unfortunately, the desirable outputs do not increase but remain the same as the raw data. It may be seen as the cost of decreasing the undesirable outputs.
Comparing Table 2 with Table 3 , we can easily find that the total 'paper', desirable output, in Table 2 is more than that in Table 3 , and the total 'BOD', undesirable output, in Table 3 is less than in Table 2 . This is caused by the different purposes of 4 the two alternatives. Besides, the input of 'capital' spent in alternative 2 is less than that in alternative 1. At present, in order to realize the sustainable energy conservation and emission reduction goals, China pays a lot of attention to environmental protection and has established many polices to reduce or limit pollution, such as encouraging the development of lowpollution industries and forbidding the operation of some high-pollution, low-efficiency corporations. According to these factors, alternative 2 for paper mills may be an effective and efficient choice here.
Conclusions
Resource allocation has become a popular topic in data envelopment analysis because of its importance in management. As economic factors usually accompany environmental factors in production, the two kinds of factors often have some relation with each other. Both economic and environmental factors are considered in this paper to study this topic more comprehensively. We have considered three different scenarios and three different groups of constraints correspondingly. For each scenario, two main alternatives are proposed for resource allocation. One is to first maximize the desirable outputs and then minimize undesirable outputs. The other is to first minimize the undesirable outputs and then maximize the desirable outputs. We have analyzed the problem of resource allocation using data of paper mills in the Huai River region in China. In the example, ''capital'' is assumed to be allocated under two alternatives, which pursue the minimum 'BOD' outputs under the condition that maximum 'paper' can be achieved in the first step and pursue the maximum 'paper' under the condition that minimum 'BOD' can be achieved in the first step.
There are also some deficiencies in this study. For example, the goal is single. For solving this problem, some suggestions have been proposed in Section 2.3. Besides, we can also extend the model in another direction. The above approaches all first pursue one objective and then pursue another objective while maintaining the value of the first objective. Different from these approaches, a new extended approach can pursue the two objectives simultaneously. Many methods can be used to integrate the two objectives. One of them is setting different weights to the objectives and summarizing them as a new objective. This kind of study may also be interesting and can be considered in the future. 
